Estimates of global riverine nitrous oxide (N 2 O) emissions contain great uncertainty. We conducted a meta-analysis incorporating 169 observations from published literature to estimate global riverine N 2 O emission rates and emission factors. Riverine N 2 O flux was significantly correlated with NH 4 , NO 3 and DIN (NH 4 + NO 3 ) concentrations, loads and yields. The emission factors EF(a) (i.e., the ratio of N 2 O emission rate and DIN load) and EF(b) (i.e., the ratio of N 2 O and DIN concentrations) values were comparable and showed negative correlations with nitrogen concentration, load and yield and water discharge, but positive correlations with the dissolved organic carbon : DIN ratio. After individually evaluating 82 potential regression models based on EF(a) or EF(b) for global, temperate zone and subtropical zone datasets, a power function of DIN yield multiplied by watershed area was determined to provide the best fit between modeled and observed riverine N 2 O emission rates (EF ( because they ignore declining emission factor values with increasing nitrogen levels and channel size, as well as neglect differences in emission factors corresponding to different nitrogen forms. Riverine N 2 O emission estimates will be further enhanced through refining emission factor estimates, extending measurements longitudinally along entire river networks and improving estimates of global riverine nitrogen loads.
Introduction
Nitrous oxide (N 2 O), which is responsible for~9% of current global climate radiative forcing, has a global warming potential~310 times that of carbon dioxide and a long residence time (~114 years) in the atmosphere (Hartmann et al., 2013) . Over the past halfcentury, human activities have approximately doubled the reactive nitrogen (N) addition on Earth resulting in saturation of the N assimilative capacity of some terrestrial ecosystems . This has led to a corresponding approximate doubling of riverine N loads (Green et al., 2004) . As a result, N 2 O emission rates from rivers have increased, with an estimated 0.3-2.1 Tg N 2 O-N yr À1 or 6-30% of global anthropogenic N 2 O emissions Cole & Caraco, 2001; Kroeze et al., 2005; Beaulieu et al., 2011; Syakila & Kroeze, 2011) . Given projections for future increases in riverine N loads Boyer et al., 2006) , modeling and predicting N 2 O emissions from global rivers are critical for developing and refining the anthropogenic N 2 O emission inventory and informing potential mitigation strategies. Bottom-up emission inventories are typically used to estimate global and regional riverine N 2 O emission rates, in which N 2 O emission rates are calculated as the product of an emission factor and estimates of anthropogenic N loading to rivers (Ivens et al., 2011; Outram & Hiscock, 2012) . However, currently used emission factors for estimating global riverine N 2 O emissions vary by one order of magnitude (i.e., 0.25-2.5%, Seitzinger & Seitzinger et al., 2000; Cole & Caraco, 2001 ; Kroeze et al., 2005; Beaulieu et al., 2011; Syakila & Kroeze, 2011) . Such a large variability for emission factor values is mainly due to the local nature of riverine N 2 O emission observations or from limited observations of N 2 O : N 2 ratios for streams. For example, the two N 2 O : N 2 ratios used in the estimates conducted by and Kroeze et al. (2005) were based on only four studies. Similarly, revision of the IPCC default emission factor in 2006 was based on measurements from two studies showing lower values (0.03-0.05%, Dong et al., 2005; Clough et al., 2006) for shorter streams in New Zealand and the United Kingdom and the supposition that longer rivers may have higher emission factors (De Klein et al., 2006) . Several studies argue that the current default IPCC emission factor (0.25%) may either overestimate (Clough et al., 2007 (Clough et al., , 2011 Kroeze et al., 2010) or underestimate (Beaulieu et al., 2011; Yu et al., 2013) and advocate the need to further evaluate emission factors for estimating global or regional riverine N 2 O emission rates, although some observations support the current default IPCC emission factor value (Beaulieu et al., 2008; Baulch et al., 2011; Hinshaw & Dahlgren, 2013) . Overall, the emission factor remains a major source of uncertainty in estimating regional or global N 2 O emission rates (Nevison, 2000) and therefore requires further investigation, especially in a global context (Clough et al., 2011; Turner et al., 2015) .
Riverine N 2 O emissions result primarily from instream/hyporheic zone nitrification and denitrification Barnes & Owens, 1999) , as well as possible direct N 2 O input from sewage (Mosier et al., 1998; C ebron et al., 2005; Yu et al., 2013) and groundwater (Mosier et al., 1998; Clough et al., 2006; Beaulieu et al., 2008) . Therefore, the N 2 O flux, as well as the emission factor, is strongly dependent on a range of river attributes (e.g., temperature, water depth, wetted surface area, N concentration and forms, dissolved oxygen, pH, and microbially labile carbon, Outram & Hiscock, 2012; Venkiteswaran et al., 2014; Clough et al., 2007) . For example, N 2 O fluxes may be determined by ammonium concentration in some urban river networks (Yu et al., 2013) , while nitrate plays a more important role in agricultural watersheds (Beaulieu et al., 2008; Baulch et al., 2011; Hinshaw & Dahlgren, 2013) . In addition, Rosamond et al. (2012) argued that widespread hypoxia is more conducive to higher N 2 O emission flux from river systems than future increases in nitrate export to rivers. Several studies also indicate that N 2 O flux decreases exponentially as a function of stream order (Garnier et al., 2009; Turner et al., 2015) . As a result of temporal and spatial variability in stream hydro-biogeochemical characteristics, there are often large fluctuations in riverine N 2 O fluxes, as well as emission factor, across time and space (Cole & Caraco, 2001; Reay et al., 2003; Beaulieu et al., 2008; Baulch et al., 2011; Yang et al., 2011; Harley et al., 2015) . Therefore, based on the limited and local nature of N 2 O emissions, it is difficult to generalize the dominant factors regulating N 2 O emissions at regional to global scales leading to large uncertainties in estimating riverine N 2 O emissions at these larger scales (Outram & Hiscock, 2012; Rosamond et al., 2012) .
To address the limits and uncertainties implied in current global estimates of riverine N 2 O emissions, this study conducted a meta-analysis that incorporates 169 observations of N 2 O emissions and relevant variables from a range of rivers located on six continents and encompassing a range of climate zones and land-use types. In particular, this study (i) estimates three types of emission factors, (ii) addresses the factors controlling riverine N 2 O fluxes and emission factors, (iii) develops models for predicting riverine N 2 O emission rates, (iv) estimates global riverine N 2 O emission rates and emission factor values, as well as their geographical distribution, and (v) forecasts global riverine N 2 O rates for four future anthropogenic N load projections based on Millennium Ecosystem Assessment scenarios. As the first meta-analysis investigating riverine N 2 O fluxes, this study improves our understanding of factors controlling riverine N 2 O emissions at regional to global scales and provides a spatially explicit estimate for global riverine N 2 O emissions.
Materials and methods

Data compilation
Data from 70 published studies between 1998 and 2016 that provided N 2 O emissions from streams and rivers were compiled (Data S1, Table S1 ). For comparative purposes, we collected an additional 33, 104 and 43 records of N 2 O fluxes in lakes/reservoirs, agricultural soils and wetlands, respectively, from another 68 published studies (Fig. S3) . The following data criteria were applied: (i) Review papers and laboratory simulations were excluded; (ii) for multiple studies on the same river, we averaged the results of N 2 O flux, emission factor and relevant variables for each year; (iii) for multiple observation sites and periods in a river, we averaged the results of N 2 O fluxes, emission factor values, and relevant variables; (iv) for multiple measurement methods used in a river, we averaged the N 2 O fluxes and emission factor values from the different methods; and (v) for different land-use divisions, the land use with a value >50% in the watershed was regarded as the dominant land-use type for the watershed (watersheds with highly mixed land use were <10%). The compiled database included 169 observations for N 2 O fluxes, concentrations of nitrate (NO 3 , 0.001-21.2 mg N L river discharge (0.001-31710 m 3 s
À1
) and water temperature (9.7-28.3°C). The methods for measuring N 2 O fluxes were floating chambers (14%), water-air gas exchange models (80%) and combined chambers and gas exchange models (9%). For observations using water-air exchange models, 8% were calculated by chemical tracers (Laursen & Seitzinger, 2002) , 13% used a wind-exchange equation (Raymond & Cole, 2001) , and 79% used a wind-stream turbulence equation (Clough et al., 2007) . The compiled database contains rivers on six continents and three representative climate zones (temperate, tropical and subtropical) (Fig. S1 ).
Calculation of N 2 O emission factors
Due to the limited number of riverine N 2 O emission factor values directly provided in the literature (<10), three methods were adopted to estimate emission factors in this study (Table 1) . First, EF(a) was estimated by dividing the annual N 2 O emission rate from a water body by the annual DIN load (Well et al., 2005) . The annual N 2 O emission rate for a river was estimated as the product of the average N 2 O flux and river water surface area. Second, EF(b) was estimated as the ratio of N 2 O and DIN concentrations in the river water column, which can be used for estimating indirect N 2 O emissions (De Klein et al., 2006; Hinshaw & Dahlgren, 2013; Wang et al., 2015) . Third, EF(c) was estimated as the ratio of pN 2 O (N 2 O concentration in excess of equilibrium) and DIN concentration (Weiss & Price, 1980; Beaulieu et al., 2008; Baulch et al., 2012) . Due to the unavailability of equilibrium N 2 O concentration or pN 2 O as well as specific data in the literature sources, we assumed constant atmospheric N 2 O partial pressure (3.15 9 10 À7 atm) and salinity (0&) for all rivers in estimating equilibrium N 2 O concentration (Weiss & Price, 1980 ) (Data S2). As the compiled observations contained data from rivers with mixed land-use types (implying N derived from multiple sources such as sewage discharge, leaching and runoff), the estimated EF(a), EF(b) and EF(c) values in this study may differ from the EF 5-r proposed by the IPCC that separates the N from leaching/runoff (i.e., nonpoint source pollution) and effluent from sewage and wastewater discharged into rivers (Doorn et al., 2006) . ) observed in agricultural (25.1 AE 80.6, n = 97) and residential rivers (23.3 AE 9.6, n = 31) and lower values observed in forest rivers (6.7 AE 17.9, n = 41) (P < 0.001, Fig. 1a ). Across the three Table S2 ). However, no significant correlations were observed between N 2 O flux and water temperature (P = 0.26, n = 118), water discharge (P = 0.38, n = 145) or watershed area (P = 0.68, n = 105, Table S2 ). The NO 3 , NH 4 and DIN concentrations explained 36%, 14% and 37% of the global variability in N 2 O fluxes, respectively (Table S2 ). The combined NO 3 and NH 4 concentrations explained 35% of the variability in N 2 O fluxes (Table S2 ). Except for forest rivers (P > 0.05), NH 4 concentration was significantly correlated with N 2 O fluxes in residential and agricultural rivers (Table S3 ). Although N 2 O flux and DIN or NO 3 concentrations were significantly correlated in both agricultural and residential rivers, only a weak significant correlation was found in forest rivers (Table S3) . Although NO 3 , NH 4 and DIN concentrations presented significant correlations with N 2 O emission fluxes in individual climate zones, temperate rivers showed stronger correlations between N concentrations and N 2 O flux than subtropical/tropical rivers (Table S4) . (Fig. S5 ) indicated that the lower estimate likely results from the lack of direct data for atmospheric N 2 O partial pressure and salinity (both set to constant values for all rivers) in estimating equilibrium N 2 O concentrations. These results indicate that the EF(c) method may not be applicable in our analysis due to the lack of available data from literature sources to make accurate calculations. Therefore, we used EF(a) and EF(b) in the following analyses.
Statistical and uncertainty analyses
The EF(a) and EF(b) values for the three landuse divisions followed ( Fig. 1a ): forest rivers (0.28 AE 1.42% for EF(a), n = 16; 0.27 AE 9.1% for EF(b), n = 40) > residential rivers (0.16 AE 1.08% for EF(a), n = 13; 0.19 AE 6.0% for EF(b), n = 33) > agricultural rivers (0.14 AE 1.23% for EF(a), n = 51; 0.08 AE 2.8% for EF(b), n = 72). The EF(a) and EF(b) values showed no significant differences among the three climate zones (Fig. 1d) . The distribution of EF(a) and EF(b) values across residential, agricultural and forest rivers followed a similar pattern to the distribution of DOC : DIN, but an inverse pattern with the distribution of NH 4 , NO 3 and DIN concentrations and river discharge (Fig. 2h, i) . Further statistical analyses showed that EF(a) and EF(b) had negative correlations with river discharge and watershed area, but a positive correlation with DOC:DIN (Table S2) . Furthermore, EF(a) and EF(b) rapidly decreased with increasing NH 4 , NO 3 and DIN concentrations, loads and yields and DOC concentration (Table S2 ). The correlation between EF(a) or EF(b) and discharge in forest rivers was higher than for agricultural and residential rivers (Table S3) , while temperate rivers had lower correlations than subtropical/tropical rivers (Table S4) . No significant correlations were observed between EF(a) or EF(b) and dissolved N 2 O concentration, N 2 O saturation, water temperature and DO (Table S2 ).
Regression models for riverine N 2 O emission rates
Riverine N 2 O emission rates (kg N 2 O-N yr À1 ) can be estimated as the product of the emission factor and riverine DIN load (Well et al., 2005; De Klein et al., 2006) . Our analyses indicate that variability of EF(a) or EF(b) is related to a range of factors, such as N concentrations, loads and yields, DOC : DIN, DOC concentration, discharge and watershed area (Table S2) . Exploratory multiple regression analyses were conducted for predicting EF(a) or EF(b) using various combinations of these factors and different functions.
The resulting 82 models explained <0.01-99% of the variability in EF(a) as well as N 2 O emission rates with a large percent bias coefficient range (<À100 to >100, Data S3, Fig. 4a ; Table S5 ). Combining N concentration, load or yield with DOC concentration, DOC : DIN and/or discharge did not significantly improve the model accuracy compared to the model incorporating only N concentration, load or yield. The lack of improvement mainly results from significant correlations (P < 0. ). The resulting 82 models explained <1-99% of the variability in EF(b) (Data S3, Table S8 ) and <0.01-91% of the variability in N 2 O emission rates based on EF(b) values with a large percent bias coefficient range (<À100 to >100, Table S8 ). Similar to EF(a), the model using DIN yield (Y DIN , kg N yr À1 km À2 ) as an independent variable for explaining variability of EF(b) presented the highest agreement between modeled and measured N 2 O emission rates (R 2 = 0.91, percent bias coefficient = 14.0, P < 0.001, n = 70; Fig. 4b and Table S8 ):
Considering the response of EF(a) and EF(b) to changes in potential influencing factors among the three climate zones (Table S4) , the 82 potential regression models were further evaluated for their ability to determine N 2 O rates for subtropical/tropical and temperate river systems. Similar to the global analysis, the model using DIN yield as an independent variable best explained variability of EF(a) as well as N 2 O emission rates for subtropical/tropical rivers (Eqn 3, R 2 = 0.85, percent bias coefficient = À78.5, P < 0.001, n = 30; Fig. 4c and Table S6 ) and for temperate rivers (Eqn 4, R 2 = 0.88, percent bias coefficient = 72.4, P < 0.001, n = 40; Fig. 4c and Table S7) :
where ER st and ER t are riverine N 2 O emission rates (kg
) in subtropical/tropical and temperate zones, respectively. Furthermore, the model using DIN yield as an independent variable for explaining variability of EF(b) demonstrated the highest agreement between modeled and measured N 2 O emission rates for subtropical/tropical rivers (Eqn 5, R 2 = 0.73, percent bias coefficient = À45.3, P < 0.001, n = 30; Fig. 4d and Table S9 ) and for temperate rivers (Eqn 6, R 2 = 0.94, percent bias coefficient = 90.0, P < 0.001, n = 40; Fig. 4d and Table S10): 
Estimation of global riverine N 2 O emission
Using model Eqns (1)- (6) The estimated global mean emission factor (i.e., the ratio between estimated global riverine N 2 O emission rate and DIN load) from the average of the four modeling approaches was 0.17% (95% CI: 0.08-0.31%; Table 2 ): 0.16% (95% CI: 0.08-0.27%) from Eqn (1), 0.16% (95% CI: 0.08-0.30%) from Eqn (2), 0.19% (95% CI: 0.08-0.34%) from Eqns (3) and (4) and 0.18% (95% CI: 0.08%-0.32%) from Eqns (5) and (6). The estimated mean emission factor of 0.19% (95% CI: 0.08-0.36%) in subtropical/tropical rivers was comparable to the 0.17% (95% CI: 0.08-0.32%) observed in temperate/frigid rivers. Australia had the highest emission factor value of 0.25% (95% CI: 0.13-0.41%), while the estimated values for Asia, Africa, Europe, South America and North America were relatively similar (0.16-0.19%, Table 2 ). Across the 6400 global rivers, estimated emission factor values varied by more than two orders of magnitude, with higher emission factors in river networks with lower DIN yield and water discharge (Fig. 5b) .
Prediction of future global riverine N 2 O emissions
Global riverine N 2 O emission rates in 2050 were forecasted based on future riverine N load projections from the Millennium Ecosystem Assessment [Global (Fig. 6b) . 
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Controls on the riverine N 2 O flux
Although riverine N 2 O flux displays a high variability (Fig. 1a) , it showed a strong correlation with NH 4 , NO 3 and DIN concentration, load and yield (Table S2) (Table S2 ). In contrast, forest rivers had weak correlations between N 2 O flux and concentrations of different N forms (Table S3) implying that other factors, such as DO, microbial carbon sources or pH, had a stronger control on N 2 O production from coupled nitrification-denitrification (Sobczak et al., 2003; Van Den Heuvel et al., 2011; Rosamond et al., 2012; Yu et al., 2013; Venkiteswaran et al., 2014) . Nitrification and denitrification reaction kinetics are controlled by the availability of terminal electron donors (NH 4 and labile DOC) and acceptors (O 2 and NO 3 ) (Hedin et al., 1998; Zarnetske et al., 2012) . The forest rivers had significantly lower NH 4 and NO 3 concentrations and higher DOC and dissolved O 2 concentrations than the other systems (Fig. 2) potentially resulting in NH 4 and NO 3 being dominated by DOC and O 2 as electron donor and acceptor, respectively. Higher DO concentration in forest rivers may also attenuate denitrification rates because denitrifying microbes are usually facultative anaerobes (Christensen et al., 1990; C ebron et al., 2005; Rosamond et al., 2012) . Given that forest ecosystems often occur in lower ordered river systems (i.e., headwater catchments, Fig. 2) , channel geomorphology will likely be highly variable among forest rivers leading to greater variability in hyporheic characteristics contributing to nitrification and denitrification. Several studies have shown that nitrification rates can be greater than denitrification rates in rivers (Holmes et al., 1996; Webster et al., 2003; . The IPCC assumption states that nitrification produces twice as much N 2 O per unit N converted as compared to denitrification (Mosier et al., 1998) . However, the relative contribution of riverine nitrification and denitrification to N 2 O production varies with land use due to varying substrate delivery, river characteristics and resulting in situ processes (Hemond & Duran, 1989; C ebron et al., 2005; Toyoda et al., 2009; Beaulieu et al., 2010) . A weaker correlation was found between NO 3 concentration and N 2 O flux than between NH 4 concentration and N 2 O flux in residential rivers (Table S3) implying that nitrification and nitrifier denitrification might produce a greater N 2 O flux than denitrification in residential rivers (Beaulieu et al., 2010; Yu et al., 2013) . N 2 O production by nitrification at the water-bed interface can be enhanced with decreasing DO concentrations due to incomplete aerobic nitrification (C ebron et al., 2005) . In parallel, nitrifier denitrification, a pathway of nitrification in which NH þ 4 is oxidized to NO N 2 O and N 2 , can also account for N 2 O production under high NH 4 loadings in association with low DO (Toyoda et al., 2009 ). In the lower Seine River and estuary, for example, nitrification and nitrifier denitrification were found to be the dominant N 2 O-forming processes, and they were kinetically favorable under optimal DO concentrations of 1.1-1.5 mg O 2 L À1 (C ebron et al., 2005), which is comparable with DO concentrations observed in many residential rivers in this study (Fig. 2f) . In contrast, the stronger correlation between NO 3 concentration and N 2 O flux compared to NH 4 concentration vs. N 2 O flux in agricultural rivers (Table S3 ) implies that denitrification might produce a greater N 2 O contribution than nitrification (Clough et al., 2007; Yan et al., 2012) . As 57% of our observations are from agricultural rivers (Table S1 ), the negative correlation observed between DO and N 2 O flux in this study (Table S2 ) implies a role for hypoxia or denitrification in N 2 O production (Rosamond et al., 2012) . Denitrification tends to occur in the top few centimeters of anoxic sediments where NO 3 is supplied by NO 3 diffusion from the water column and nitrification processes in the oxic surface layer of sediments (Barnes & Owens, 1999) . Thus, a high NO 3 concentration in agricultural rivers (Fig. 2a) potentially stimulates denitrification and N 2 O production (Clough et al., 2007; Yan et al., 2012) . The higher correlation between NO 3 concentration and N 2 O flux than that between NH 4 concentration and N 2 O flux in both temperate/frigid and subtropical/tropical rivers (Table S4) suggests that climate is not a strong factor influencing N 2 O contributions from nitrification vs. denitrification among climate zones. A global meta-analysis also indicated that elevated temperature had no significant effect on soil N 2 O emission flux (Barnard et al., 2005) .
Controls on the riverine N 2 O emission factors
The significant negative correlation between EF(a) or EF(b) and water discharge as well as watershed area (Table S2) suggests that N 2 O production or evasion efficiency is decreased with increasing river channel size. This result is consistent with the current understanding of hydrologic/geomorphic controls on in-stream/ hyporheic nitrification and denitrification processes (Alexander et al., 2000; Peterson et al., 2001; Mulholland et al., 2008) . Increasing river water discharge decreases the water-bed contact area per unit water volume and decreases the efficiency of nitrate diffusion across the river water-sediment interface leading to lower denitrification and/or nitrification per unit N loading (Alexander et al., 2000; Peterson et al., 2001; Mulholland et al., 2008) . In addition, increasing river discharge decreases the water residence time, decreasing the opportunity and duration for nitrification and denitrification (Chen et al., 2011; McCrackin et al., 2014) . The gas transfer velocity rate that determines the evasion efficiency across the water-atmosphere interface with supersaturated N 2 O decreases with increasing river order due to declining water turbulence with increasing river order (increasing water volume buffering capacity) (Garnier et al., 2009; Raymond et al., 2012; Turner et al., 2015) . All these mechanisms suggest that the proximity of N sources to small rivers might be a major factor regulating N 2 O production along a river network.
The negative relationship between EF(a) or EF(b) and N concentrations, loads and yields (Table S2) is consistent with several previous studies (Beaulieu et al., 2011; Hinshaw & Dahlgren, 2013 ). This negative relationship primarily results from decreasing denitrification and nitrification efficiency with increasing N inputs due to progressive biological saturation (Bernot & Dodds, 2005; O'Brien et al., 2007; Mulholland et al., 2008 Mulholland et al., , 2009 . This is consistent with batch and continuous flow experiments in the lower Seine River that indicated N 2 O production by the nitrifier-denitrification process was fit by a Michaelis-Menten saturation function (C ebron et al., 2005) . It is suggested that the number of favorable denitrification and nitrification sites at the river water-bed interface is relatively constant, resulting in progressive biological saturation for processing N with increasing N loading (Peterson et al., 2001; Bernot et al., 2006; Mulholland et al., 2008; Aguilera et al., 2013) . Although there was a negative correlation between EF(a) or EF(b) and DOC concentration, a positive correlation was observed between EF(a) or EF(b) and the DOC : DIN ratio (Table S2) suggesting that available C relative to N plays an important role in regulating N 2 O production efficiency. Previous studies suggest that nitrification is dominant at low C : N ratios, while nitrification is inhibited at high C : N ratios as available C increases microbial activity and O 2 consumption leading to low DO conditions favorable for denitrification (Payne, 1981; Beauchamp et al., 1989; Her & Huang, 1995; Miller et al., 2008) . Forest rivers had higher EF(a) and EF(b) values than residential and agricultural rivers, possibly because of the higher DOC : DIN ratio or smaller channel size (Fig. 2) . However, the higher EF(a) and EF(b) observed in forest rivers might also be associated with near atmospheric N 2 O equilibrium concentration and low DIN concentration (Beaulieu et al., 2008; Baulch et al., 2012) . Given the higher EF(a) and EF(b) values, forest headwater streams may act as important locations for producing N 2 O, particularly in developing regions where atmospheric DIN deposition has increased rapidly in recent decades and will continue to increase in the future (Matson et al., 2002; Liu et al., 2013) . Although instream nitrification and denitrification efficiency is usually influenced by temperature (Clough et al., 2007; Xia et al., 2013; McCrackin et al., 2014; Venkiteswaran et al., 2014) , this study suggests that temperature is not a dominant driver of global N 2 O emission factor variability as indicated by the lack of significant differences for EF(a) or EF(b) among climate zones (Fig. 1d) and between EF(a) or EF(b) and temperature (Table S2) .
Comparison with previous estimates of global riverine N 2 O emissions
The models developed in this study (Eqns 1-6 -power functions of DIN yield multiplied by watershed area) showed reasonably high accuracy and robustness for predicting riverine N 2 O emission rates across the wide range of metadata (Fig. 4) . Similar power function relationships between riverine N 2 O flux and N concentrations have been applied to field observations (McMahon & Dennehy, 1999; Stow et al., 2005; Beaulieu et al., 2011; Clough et al., 2011; Yu et al., 2013) . Models developed using EF(a) and EF(b) for global and individual climate zone datasets produced comparable estimates for global N 2 O emission rates and emission factors (Table 2) , which further verifies their global suitability and robustness. These models only require data for riverine DIN yield and watershed area, thus providing a simple, efficient and robust tool for estimating global or regional riverine N 2 O emission rates.
This study provides the first spatially explicit estimate of emission factors for global rivers (Table 2 and Fig. 5b) , which further offers a geographical distribution of N 2 O emission potentials across global rivers. Model results indicate that Asian rivers have the highest contribution to total N 2 O emissions (Table 2) , which is consistent with previous global estimates ( Kroeze et al., 2005 Kroeze et al., , 2010 . Spatially, high N 2 O emission yields (>0.1 kg N 2 O-N km À2 yr
À1
, Fig. 5a ) occur in some tropical rivers and regions subjected to intensive agriculture and urbanization, implying that these river systems are important source areas for mitigating riverine N 2 O emissions globally. Model forecasts indicate that reduction in riverine DIN loads via improved agricultural N utilization efficiency (i.e., scenario AM, Alcamo et al., 2005 ) is necessary to decrease global riverine N 2 O emission rates by 2050 (Fig. 6 ). Agricultural N utilization efficiency may be improved by increasing crop yields, enhanced crop growth associated with increased stress tolerance of modern hybrids, matching spatial/temporal plant nutrient demands with precision nutrient application, and enhancing management practices such as conservation tillage, cover crops and higher plant densities (Cassman et al., 2002) . Considering the large future increases of riverine N 2 O emission rates projected in South America and Africa as well as subtropical/tropical zones under all scenarios, these two continents and climate zones may be specifically targeted for enhanced mitigation efforts in the future.
Although this study probably tends to overestimate N 2 O emission rates for high latitude rivers that are frozen at times of year when N 2 O emissions are likely negligible (Baulch et al., 2011) , the estimated global riverine N 2 O emission rate of 32.2 Gg N 2 O-N yr À1 in this study is still considerably lower than previous estimates (300-2100 Gg N 2 O-N yr À1 , Table 3 ) as well as a recent esti-
) based on the average N 2 O fluxes in different latitudinal ranges (Soued et al., 2016) . There are two primary reasons for the large difference found in this study. First, global riverine N loads in previous studies were far higher than those used in this study (Table 3) . If we use the estimated global mean emission factor value of 0.17% in this study and previous estimates for riverine N loads (Table 3) , the global riverine N 2 O emission rate would total 63-163 Gg N 2 O-N yr
, which is more comparable to previous estimates. It should be pointed out that three studies using IPCC methods (i.e., the product of a fixed export fraction of 0.3 and estimates of synthetic fertilizer and manure N application) and one study using the NEWS model estimated global total N loads ( Table 3) that were 2-5 twofold to fivefold higher than the DIN loads estimated from the NEWS2-DIN-S model in this study. However, using a fixed export fraction in the IPCC method without rigorous calibration and validation ignores potentially large differences in N delivery efficiencies over space and time at the global scale (Nevison, 2000) . Therefore, previous compilations may overestimate global total N loads compared to the recent estimates by Kroeze et al. (2010) using the NEWS model (a global spatially explicit model with calibration and validation). Previous estimates of global riverine DIN loads from the NEWS model were believed to overestimate DIN loads in arid and tropical regions by not considering their greater N retention efficiencies. In contrast, DIN estimates used in this study were from the NEWS2-DIN-S model that considers seasonal patterns and controls (i.e., runoff and temperature) for DIN delivery; thus, it is considered more reliable and accurate in terms of calibrated model performance (McCrackin et al., 2014) .
Second, the EF(a) and EF(b) values used in our study represent the average N 2 O emission factor of the N load derived from sewage, leaching and runoff and therefore would be expected to predict inherently lower N 2 O emission factors than the EF 5-r method that represents the average N 2 O emission factor of the N load from leaching and runoff (i.e., no sewage discharge). In fact, the estimated global mean emission factor of 0.17% in this study is far lower than that used in previous studies (Table 3) . Previous studies typically used a constant EF 5-r or emission efficiency factor that was a positive linear function of N load for estimating global or regional riverine N 2 O emission rates (Table 3) . These approaches ignore the pattern of declining EF(a) and EF(b) with increasing DIN levels and channel size (Table S2 ) and therefore may lead to an overestimation of N 2 O emission rates for large rivers with high DIN levels. For example, constant N 2 O : N 2 ratios of 0.3% and 3% for rivers with low and high DIN loadings were used in , Seitzinger et al. (2000) and Kroeze et al. (2005) . Such assumptions are also subject to a high degree of uncertainty given the two orders of magnitude variability in observed in-stream N 2 O : N 2 ratios (i.e., 0.04-6%, O'Brien et al., 2007; Beaulieu et al., 2011; Yan et al., 2012) . Estimates based on global riverine TN or TDN loads also ignore the lower N 2 O emission factor for organic N than for DIN that is readily available to microbes. The recommended global mean emission factor of 0.75% based on observations from 72 streams with different land-use types in the United States (Beaulieu et al., 2011) might also overestimate because these data were obtained from headwater streams having small channel size and discharge (<1.4 m 3 s À1 ).
Due to the pattern of declining EF(a) and EF(b) with increasing water discharge or channel size and N levels observed in this study (Table S2) , directly extrapolating emission factors from observations conducted for headwater streams with lower N levels and smaller channel sizes will greatly overestimate regional or global riverine N 2 O emission rates as well as emission factors. Compared to previous global estimates based on limited and localized N 2 O emission rates (Table 3) , this study incorporated diverse information from 169 global rivers located on six continents, three climate zones and covering a large range in water discharge and N levels (Figs 2 and 3) . As a result, the observed nonlinear negative relationship between EF(a) or EF(b) and N level, as well as water discharge that was not explored in previous studies due to limited observations, should be more representative for a global scale analysis. Importantly, the four modeling approaches (global and climate stratified with EF(a) and EF(b) stratified) for estimating global riverine N 2 O emission rates performed well in predicted vs. measured comparisons (Fig. 4) , as well as consistency between the four modeling approaches (Table 3) . Therefore, this study is believed to offer more accurate global estimates than previous studies and improves our understanding of factors controlling global riverine N 2 O emissions.
Suggestions for improving estimates of global riverine N 2 O emissions
Although this study adopted three emission factor approaches ( Table 1 , the EF(c) method was not feasible in this analysis due to the unavailability of required data for most rivers, Fig. S5 ), they undoubtedly incorporate some uncertainties for estimating global riverine N 2 O emissions. The EF(b) method (i.e., the ratio of riverine N 2 O to DIN concentrations) might underestimate actual N 2 O emission factors because it assumes conservative processing of both N 2 O and DIN in the water column and N 2 O loss to the atmosphere can occur before the water reaches the sampling sites (Well et al., 2005; Outram & Hiscock, 2012) . However, others suggest that EF(b) will overestimate actual N 2 O emission factors because N 2 O in the water column is not released to the atmosphere until dissolved N 2 O supersaturation occurs (Beaulieu et al., 2008) . Therefore, rivers with low DIN concentrations and near equilibrium with respect to atmospheric N 2 O concentrations (especially forest rivers) would be overestimated by the EF (b) approach (Beaulieu et al., 2008; Baulch et al., 2012) . However, no significant differences were observed between estimated EF(b) and EF(a) values (Fig. S4) , as well as between modeled results based on EF(b) and EF(a) methods (Fig. 4 and Table 2 ), implying that any underestimation/overestimation potentials might coexist in estimated EF(a)/EF(b) values and/or there was the uncertainty associated with estimated EF(a) values. Although the EF(a) (i.e., the ratio of N 2 O emission rate to DIN load) is a rigorous method for calculation of global or regional riverine N 2 O emissions (Well et al., 2005) , estimated EF(a) values as well as the models developed in this study might imply some uncertainty due to difficulty in obtaining reliable water surface area and N 2 O flux data for an entire river network from literature sources. Therefore, more field observations of EF(a) based on rigorous measurements of riverine N 2 O emission rates and N loads across various continents, climate zones, land-use types and river order (i.e., size) are required for further refining and verifying the developed models. Considering the inherent heterogeneity of natural and anthropogenic attributes, extending measurements of N 2 O emission rates and emission factors throughout an entire river network is necessary. In addition to spatial variability, temporal variability (e.g., diurnal, storm event and seasonal) in riverine N 2 O fluxes and emission factors has been widely demonstrated (Laursen & Seitzinger, 2004; Clough et al., 2007; Gonc ßalves et al., 2010; Yang et al., 2011 (Table 3) highlights the uncertainty in estimates of riverine DIN loads at the global scale. Therefore, it is essential to improve estimates of riverine DIN loads through enhanced monitoring and modeling efforts.
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